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Heavy drinkers in Scotland may consume 1600 g ethanol per week. Due to its low price, cider may be
preferred over other beverages. Anecdotal evidence has linked cider to speciﬁc health hazards beyond
other alcoholic beverages. To examine this hypothesis, nine apple and pear cider samples were chemi-
cally analysed for constituents and contaminants. None of the products exceeded regulatory or toxico-
logical thresholds, but the regular occurrence of acetaldehyde in cider was detected. To provide a
quantitative risk assessment, two collectives of exclusive drinkers of cider and vodka were compared and
the intake of acetaldehyde was estimated using probabilistic MonteeCarlo type analysis. The cider
consumers were found to ingest more than 200-times the amount of acetaldehyde consumed by vodka
consumers. The margins of exposure (MOE) of acetaldehyde were 224 for the cider and over 220,000 for
vodka consumers. However, if the effects of ethanol were considered in a cumulative assessment of the
combined MOE, the effect of acetaldehyde was minor and the combined MOE for both groups was 0.3.
We suggest that alcohol policy priority should be given on reducing ethanol intake by measures such as
minimum pricing, rather than to focus on acetaldehyde.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Previous research has surveyed heavy drinkers in Scotland, who
consume 200 UK units and more per week (1 UK unit being 8 g of
ethanol), i.e. 1600 g ethanol per week. White cider made an
important contribution to the weekly intake, likely facilitated by its
low price per unit (ppu) of alcohol (Black et al., 2014). Because some
ciders are among the cheapest forms of alcohol sold within the UK,
some drinkers were observed who exclusively consumed white€aruntersuchungsamt (CVUA)
e, Germany.
nmeier).cider. During the survey, many drinkers conﬁrmed that white cider
represented their ﬁrst choice of drink when funds are low (Black
et al., 2014). Cider may also be consumed in more risky locations
than other beverage types (Forsyth and Barnard, 2000).
Anecdotal evidence has linked cider consumption to gastric
complaints (Black et al., 2014) and “Alcohol Concern” in England
produced a recent report also providing anecdotal evidence of
certain harmful effects of cider (Goodall, 2011). A study about the
antioxidant potential of alcoholic beverages has indeed suggested
that its low values in white drinks such as cider may pose an extra
risk for liver cirrhosis (Gill et al., 2010).
Other reports (without substantiating evidence) suggested that
“ciders have traditionally been regarded as high in ‘fusel alcohols’,
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their low nutrient status” (Lea, 2004). A French study in the 1970s
detected increased relative risks for oesophageal cancer for con-
sumers of cider compared to other alcoholic beverages. The extra
risk was speculated as being due to the presence of carcinogens in
cider (Tuyns et al., 1979). However, the literature so far lacks any
evidence that cider may be different in its content of “carcinogens”
from other beverages (see e.g. Lachenmeier et al. (2012) for review
about carcinogens in alcoholic beverages).
White cider‘s low price alone may promote high doses and this
will have an impact on health. However, given the weight of
anecdotal evidence, it seemed important to explore whether or not
cider consumptionmay contain constituents or contaminants other
than ethanol, which are potentially pathogenic. An ofﬁcial Scottish
Government publication has suggested there is a need for more
drink-speciﬁc data (Beeston et al., 2014). For this reason, we have
analysed a collective of cider samples from Scotland for health-
relevant constituents and contaminants, and provide a risk
assessment for the cumulative effects using the combined margin
of exposure (MOET) procedure (for background information on the
margin of exposure approach see EFSA (2005) and US EPA (1995),
the MOET procedure has been reviewed by US EPA (2001) and
Wilkinson et al. (2000)).
2. Materials and methods
Nine samples (7 apple and 2 pear ciders) were obtained from
supermarkets during May 2014 in Scotland. The type and brands of
cider were chosen to be typical of those reported as consumed by
the participants of the Black et al. (2014) study including the
different cider categories based on alcoholic strength. Details on
sample type and purchase price are provided in Table 1. The sam-
ples were screened using Fourier transform infrared (FTIR) spec-
troscopy (Lachenmeier, 2007) and nuclear magnetic resonance
(NMR) spectroscopy (Godelmann et al., 2013) for constituents and
contaminants. A standard enzymatic assay was applied to deter-
mine total SO2. Volatiles including acetaldehyde were analysedTable 1
Sample description, purchase price and selected analytical resultsa of cider samples from
Sample number 1 2 3 4
Cider type White White Pear Pear
Purchase price (pence per UK unit) 15.3 29 21.6 33.3
Alcoholic strength (% vol) (labelling) 7.5 7.5 5.3 4.5
Alcoholic strength (% vol) (analysis) 7.4 7.3 5.2 4.2
Total sugar (g/L) 11 3 46 46
Energy (kJ/L) 1940 1750 2050 1810
Total SO2 (mg/L) 59 74 56 63
Acetic acid (mg/L) 180 168 123 177
Fumaric acid (mg/L) 17 n.d. (<5) 32 34
HMF (mg/L) n.d. (<5) n.d. (<5) n.d. (<5) n.d. (
Furfural (mg/L) n.d. (<2) n.d. (<2) n.d. (<2) n.d. (
Malic acid (g/L) 3.3 0.8 4.4 4.4
Lactic acid (mg/L) n.d. (<200) n.d. (<200) n.d. (<200) n.d. (
Acetaldehyde (g/hl pa) 10 20 31 14
Methanol (g/hl pa) n.d. (<4) 6 4 5
1-Propanol (g/hl pa) 9 12 11 8
Iso-butanol (g/hl pa) 41 17 27 42
Amyl alcohols (g/hl pa) 200 96 143 225
2-Phenyl ethanol (g/hl pa) 5 n.d. (<2) 5 8
Ethyl acetate (g/hl pa) 28 33 29 24
Ethyl lactate (g/hl pa) n.d. (<6) n.d. (<6) n.d. (<6) n.d. (
a Not detectable (n.d.) in all samples (detection limit in mg/L in brackets): citric acid (2
acid (400mg/L), putrescine (50mg/L), cadaverine (50mg/L), pyruvic acid (20mg/L), 4-ami
L), caftaric acid (15 mg/L), epicatechin (30 mg/L), gallic acid (25 mg/L), shikimic acid (20
acid (10mg/L), 1-butanol (2 g/hl pa), 2-butanol (2 g/hl pa), 1-hexanol (2 g/hl pa), benzyl al
(1 g/hl pa), and benzaldehyde (1 g/hl pa).using gas chromatography (for details on parameter selection and
chemical methodology, see Lachenmeier et al. (2011b)). For com-
parison, data on acetaldehyde content of vodka were taken from
the literature (Lachenmeier and Sohnius, 2008) and additional data
of vodka sampling and analysis in Germany between 2010 and 2014
(n ¼ 106). Results for volatiles are reported in grams per hectolitre
of pure (100%) alcohol (g/hl pa). The remaining results are reported
in mg/L of the original beverage.
Alcohol consumption data were taken from two collectives of
heavy drinkers, who exclusively consumed cider or vodka. In the
sample of 639 participants, 161 reported white cider consumption
and within those 72 drank it exclusively in the week recorded
(¼last week or in a typical week). 147 reported vodka consumption,
fromwhich 95 were exclusive vodka consumers. Brieﬂy, in addition
to demographic data participants responded to a questionnaire
which documented a ‘typical’ or ‘last week’ alcohol consumption
(type, brand, volume, price, place of purchase). Details on the
epidemiologic study were previously published (Black et al., 2014).
Average body weights for male and female adults were obtained
from EFSA (2012).
The data of the chemical analysis and alcohol consumptionwere
combined to estimate the exposure of the drinkers to the com-
pounds ethanol and acetaldehyde. The methodology for quantita-
tive risk assessment using the margin of exposure (MOE) approach
(EFSA, 2005; US EPA, 1995) was based on a previous study con-
ducted for compounds in alcoholic beverages (Lachenmeier et al.,
2012) with the exception that probabilistic exposure estimation
was conducted (Lachenmeier et al., 2014; Lachenmeier and Rehm,
2013b; Lachenmeier et al., 2013). The MOE is deﬁned as the ratio
between the lower one-sided conﬁdence limit of the benchmark
dose (BMDL) and estimated human intake of the same compound.
BMDL values for acetaldehyde (Lachenmeier et al. (2009) based on
Soffritti et al. (2002)) and ethanol (Lachenmeier et al. (2011a) based
on NTP (2004) and Beland et al. (2005)) were taken from the
literature.
In addition to the individual MOE values for ethanol and acet-
aldehyde, the combined margin of exposure (MOET) was calculatedScotland.
5 6 7 8 9
Cheap
amber
Cheap
amber
Cheap
amber
Amber “quality
cider”
Amber “quality
cider”
18.8 23.8 25 32.5 31.9
5.3 4.2 4 5 4.7
5.2 4.2 4.1 5.0 4.8
10 16 15 16 31
1410 1240 1180 1410 1690
65 66 55 42 76
131 114 229 <100 112
24 24 16 25 10
<5) 14 6 8 n.d. (<5) n.d. (<5)
<2) 3 3 n.d. (<2) n.d. (<2) n.d. (<2)
3.8 3.6 2.5 3.2 2.3
<200) n.d. (<200) n.d. (<200) 256 319 n.d. (<200)
16 20 22 12 27
n.d. (<4) n.d. (<4) 6 5 18
10 10 8 34 7
25 14 32 9 21
131 120 166 132 170
4 5 7 4 7
26 25 37 32 22
<6) n.d. (<6) n.d. (<6) 12 11 n.d. (<6)
00 mg/L), tartaric acid (0.5 mg/L), acetoine (10 mg/L), formic acid (5 mg/L), gluconic
nobutanoic acid (120mg/L), alanine (35mg/L), arginine (150mg/L), proline (150mg/
mg/L), trigonelline (10 mg/L), benzoic acid (10 mg/L), sorbic acid (10 mg/L), salicylic
cohol (2 g/hl pa), methyl acetate (6 g/hl pa), benzyl acetate (1 g/hl pa), ethyl benzoate
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mechanism (US EPA, 2001; Wilkinson et al., 2000):
MOET ¼
1
1
MOEEthanol
þ 1MOEAcetaldehyde
Similar to the approach of Medeiros Vinci et al. (2012) for
probabilistic human exposure assessment of food contaminants,
best ﬁt distributions were applied to the alcohol consumption data
as well as to the data on acetaldehyde contents in the beverages
and the resulting risk functions were entered into the probabilistic
analysis. All risk functions were truncated at zero because negative
values are factually impossible. All calculations were conducted
using the software package @Risk for Excel Version 5.5.0 (Palisade
Corporation, Ithaca, NY, USA). MonteeCarlo simulations were per-
formed with 50,000 iterations using Latin Hypercube sampling and
Mersenne Twister random number generator. The distribution
functions and detailed calculation methodology is speciﬁed in
Supplementary Tables S1eS2 online.3. Results
The results of the chemical analysis of cider samples are re-
ported in Table 1. The alcoholic strengths of the products varied
between 4.1% and 7.4% vol. All alcoholic strengths of all samples
were within the legal tolerance of plus/minus 1% vol according to
EU regulation 1169/2011 (annex XII). All samples did contain total
SO2 (sulphur dioxide and sulphites) above 10 mg/L, but did include
the mandatory labelling “contains sulphites” according to article 21
of EU regulation 1169/2011. The maximum sulphur dioxide limit of
200 mg/L according to EU regulation 1333/2008 (annex II, part E,
food category 14.2.3) was not exceeded in any of the samples.
Except ethanol and acetaldehyde, the compounds with health
relevance (e.g. methanol, HMF, and higher alcohols) were within
normal ranges for this product category and below toxicological
thresholds (for limits including toxicological assessment see
Lachenmeier et al. (2011b, 2008) and Monakhova and Lachenmeier
(2012)).
Besides ethanol, which obviously is the toxic principle of any
alcoholic beverage, acetaldehyde was selected for further risk
assessment, because it is currently unclear if its mechanisms of
toxicity and carcinogenicity have a threshold (Lachenmeier et al.,
2009).Table 2
Results of probabilistic estimation of alcohol and acetaldehyde intake, margin of exposu
consumers.
Name Minimum Maximum Mean Std de
Exclusive Cider consumers (n ¼ 72)
Alcohol (ethanol) intake (g/day);
original distribution of raw data
42 960 277 153
Alcohol (ethanol) intake (g/day);
distribution from risk function
4.8 1417 277 151
Acetaldehyde intake (mg/kg bw/day) 1.1E-05 8.651 0.866 0.611
MOE ethanol 0.022 8.895 0.286 0.246
MOE acetaldehyde 6 5.0Eþ06 224 22197
MOET (ethanol & acetaldehyde) 0.022 8.873 0.285 0.245
Exclusive vodka consumers (n ¼ 95)
Alcohol (ethanol) intake (g/day);
original distribution of raw data
22 900 243 137
Alcohol (ethanol) intake (g/day);
distribution from risk function
3.4 1205 243 133
Acetaldehyde intake (mg/kg bw/day) 4.8E-08 0.124 0.004 0.005
MOE ethanol 0.038 11 0.308 0.280
MOE acetaldehyde 453 1.2Eþ09 227019 6.9Eþ
MOET (ethanol & acetaldehyde) 0.038 11 0.308 0.280Using probabilistic MonteeCarlo type analysis, the distribution
of the alcohol and acetaldehyde intakes was estimated for exclusive
cider and exclusive vodka consumers in Scotland (Table 2). The
average alcohol intake was higher for the cider consumers (277 g/
day) than for the vodka consumers (243 g/day). However consid-
ering the standard deviation of more than 100 g/day, the distri-
butions were similar for both beverages, with some extreme cases
reaching intakes of 500 g/day and more.
In contrast to alcohol intake, a pronounced signiﬁcant difference
between the two groups was found for the acetaldehyde intake.
The cider consumers (average acetaldehyde intake: 0.866 mg/
kg bw/day) ingested more than 200-times that of the vodka con-
sumers (average acetaldehyde intake: 0.004 mg/kg bw/day).
The averagemargins of exposure for ethanol were similar for the
two groups (about 0.3), reﬂecting similar average ethanol intake
per week, while the average margins of exposure for acetaldehyde
were 224 for the cider group and 227,019 for the vodka group.
However, on the combined margin of exposure, the inﬂuence of
acetaldehyde was minor in both groups, while the inﬂuence of
ethanol predominates. The MOET of both compounds is similar to
the MOE of ethanol (about 0.3). Even in the cider group, the MOET
changes only on the third decimal compared to the MOE of ethanol
(0.286e0.285). This means that more than 99.7% of the combined
effect would be caused by ethanol. The normalized regression co-
efﬁcients for the probabilistic MOET calculation show that the
values are inﬂuenced primarily by the alcohol intake
(coefﬁcient: 0.64), and the bodyweights (coefﬁcients: þ0.15 for
male bodyweight and þ0.03 for female bodyweight), while the
acetaldehyde content in cider has only a very minor inﬂuence
(coefﬁcient: 0.01). Thus, even while the acetaldehyde content in
cider is high compared to vodka, its inﬂuence on theMOET is still 64
times lower than the inﬂuence of ethanol and e at least mathe-
matically e is almost completely masked by ethanol.
Nevertheless, the MOEs for genotoxic carcinogens in foods
should be above 10,000 according to EFSA (2005). For acetaldehyde,
vodka is considerably above this threshold with a MOE of over
220,000, but cider is considerably below (MOE 224). Clearly,
ethanol is for both cases in a high risk-range with MOE <1.4. Discussion
Our research was not able to corroborate claims that cider was
of “low” quality (quality is a rather vague term (Lachenmeier andre (MOE) and combined margin of exposure (MOET) for exclusive cider and vodka
viation 5% Perc 25% Perc 50% Perc 75% Perc 90% Perc 95% Perc
60 180 240 360 480 540
83 166 250 359 480 563
0.177 0.433 0.723 1.140 1.650 2.025
0.094 0.152 0.221 0.337 0.516 0.681
28 49 77 129 219 316
0.094 0.152 0.221 0.336 0.514 0.679
70 142 210 300 420 480
72 146 220 315 422 495
1.5E-04 0.001 0.002 0.005 0.010 0.014
0.102 0.163 0.237 0.359 0.551 0.732
06 4017 10715 24223 63852 182867 383261
0.102 0.163 0.237 0.359 0.551 0.732
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posing additional health risk to the consumer over and above
ethanol. From an organoleptic standpoint, it may be debatable
whether the taste of the cheap cider products would be considered
inferior to other alcoholic beverages, but the chemical composition
of the ciders under study was typical for this class of products.
Several other alcoholic beverages (e.g. beer or grape wine) have
comparable concentrations of the analysed compounds, and some
spirits (e.g. fruit spirits) may have considerably higher concentra-
tions of methanol and higher alcohols. The claim, that cider may
have extreme contents in higher alcohols and speciﬁcally 2-phenyl
ethanol (Lea, 2004), was not corroborated in our sample collective,
which had rather low contents of this compound compared to
other wines and spirits. Even the acetaldehyde content was not
unusual for fermented beverages. Normal grape wines contain an
average acetaldehyde content of 28 g/hl pa (Lachenmeier and
Sohnius, 2008), which corresponds to the contents found in the
ciders from Scotland (range 10e31 g/hl pa). Apple wines and ciders
from Germany and France had much higher acetaldehyde contents
(average 97 g/hl pa) (Lachenmeier and Sohnius, 2008). The lower
contents in Scotland can probably be explained by chaptalization
(i.e., an addition of sugar prior to fermentation to increase the
alcoholic strength), which generally lowers the content of other
volatiles besides ethanol.
Interestingly, the EU food law does not provide limits for most of
the compounds occurring in cider. The existing legal standards, e.g.
regarding alcohol labelling and SO2 content, were observed by all
products. From the aspects of general food safety standards (ciders
are regulated as “food” in the EU), we currently cannot see any
problems with food quality or food information that may restrict
the sales of the ciders analysed.
Nevertheless, we were concerned about the extreme intakes
that have been reported for cider consumers, which were much
higher than what we have used in our previous risk assessment of
acetaldehyde (Lachenmeier et al., 2009) or the average of people
with alcohol dependence in primary care (Rehm et al., 2015a) or in
specialized care in Europe (Rehm et al., 2015b). Indeed, the calcu-
lated average acetaldehyde intake from cider of 0.866 mg/kg bw/
day by far exceeds our estimations on average acetaldehyde intake
in the EU from all alcoholic beverages (0.112 mg/kg bw/day)
(Lachenmeier et al., 2009). To make a judgement about the inﬂu-
ence of acetaldehyde compared to ethanol, the MOET was calcu-
lated. The results show that the risk of acetaldehyde would be
minor compared to ethanol. Considering both ethanol and acetal-
dehyde, this group of heavy cider drinkers is certainly exposed to a
very high risk (MOE <1), which is currently not exceeded by any
drug in Europe except alcohol (Lachenmeier and Rehm, 2015).
5. Conclusions
The possibility was investigated that not all alcoholic drinks
have the same health risk. However, we were unable to ﬁnd a
speciﬁc hazard within samples of ciders sold in Scotland. The
conclusion for the consumer is that the contents of acetaldehyde in
cider do notmake any appreciable difference to the cumulative risk,
because the risk of ethanol itself is already so high and predomi-
nant, particularly for the heavy drinkers described above.
One difference may be that ethanol is intentionally and volun-
tarily ingested, and acetaldehyde is (probably) unintentionally
ingested. The intentional risk (i.e., risk because of consumer choice)
probably demands other thresholds for acceptable risk than the
unintentional risk (compare: skiing and water contamination)
(Rehm et al., 2014). Therefore, we could still demand some miti-
gation measures to reduce acetaldehyde in cider (it must be
considered, however, that its content is natural and cannot be easilyminimized below certain levels, see Lachenmeier and Sohnius
(2008) for a review discussing mitigation measures).
However, in relation to reducing risk to the consumer, the ﬁrst
priority of alcohol policy should focus on reducing the ethanol
intake per se, for which some measures such as increase in price or
introduction of a minimum price have been discussed (Babor et al.,
2010; Black et al., 2014), the latter speciﬁcally addressed to heavy
drinkers.
Funding
The methodological research on comparative risk assessment
leading to these results or outcomes has received funding from the
European Community's Seventh Framework Programme (FP7/
2007e2013), under Grant Agreement n 266813 e Addictions and
Lifestyle in Contemporary Europe e Reframing Addictions Project
(ALICE RAP e www.alicerap.eu). Participant organisations in ALICE
RAP can be seen at http://www.alicerap.eu/about-alice-rap/
partner-institutions.html. The views expressed here reﬂect only
the author's and the European Union is not liable for any use that
may be made of the information contained therein.
Collection of participant data was supported ﬁnancially by the
Chief Scientist Ofﬁce, Scotland (CZH/4/645); Alcohol Research UK
(R2011/01); NHS Health Scotland; NHS Lothian Foundation Trust
while purchase of cider samples was supported by a small grant
from Queen Margaret University, Edinburgh, Scotland.
Conﬂicts of interest
The authors declare that there are no conﬂicts of interest.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fct.2015.05.006.
Transparency document
Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.fct.2015.05.006.
References
Babor, T., Caetano, R., Casswell, S., Edwards, G., Giesbrecht, N., Graham, K., Grube, J.,
Hill, L., Holder, H., Homel, R., Livingstone, M., €Osterberg, E., Rehm, J., Room, R.,
Rossow, I., 2010. Alcohol: No Ordinary Commodity. Research and Public Policy,
second ed. Oxford University Press, Oxford, UK.
Beland, F.A., Benson, R.W., Mellick, P.W., Kovatch, R.M., Roberts, D.W., Fang, J.L.,
Doerge, D.R., 2005. Effect of ethanol on the tumorigenicity of urethane (ethyl
carbamate) in B6C3F1 mice. Food. Chem. Toxicol. 43, 1e19.
Beeston, C., Geddes, R., Craig, N., Gordon, R., Graham, L., McAuley, A., McCartney, G.,
Reid, G., Robinson, M., Van Heelsum, A., on behalf of the MESAS project team,
2014. Monitoring and Evaluating Scotland's Alcohol Strategy. Fourth Annual
Report. NHS Health Scotland, Edinburgh, Scotland, UK.
Black, H., Michalova, L., Gill, J., Rees, C., Chick, J., O'May, F., Rush, R., McPake, B., 2014.
White cider consumption and heavy drinkers: a low-cost option but an un-
known price. Alcohol Alcohol. 49, 675e680.
EFSA, 2005. Opinion of the Scientiﬁc Committee on a request from EFSA related to a
harmonised approach for risk assessment of substances which are both geno-
toxic and carcinogenic. EFSA J. 282, 1e31.
EFSA, 2012. Guidance on selected default values to be used by the EFSA Scientiﬁc
Committee, Scientiﬁc Panels and Units in the absence of actual measured data.
EFSA J. 10, 2579.
Forsyth, A., Barnard, M., 2000. Preferred drinking locations of Scottish adolescents.
Health Place 6, 105e115.
Gill, J., Tsang, C., Black, H., Chick, J., 2010. Can part of the health damage linked to
alcohol misuse in Scotland be attributable to the type of drink and its low price
(by permitting a rapid rate of consumption)? A point of view. Alcohol Alcohol.
45, 398e400.
Godelmann, R., Fang, F., Humpfer, E., Schütz, B., Bansbach, M., Sch€afer, H., Spraul, M.,
2013. Targeted and nontargeted wine analysis by 1H NMR spectroscopy
D.W. Lachenmeier et al. / Food and Chemical Toxicology 83 (2015) 210e214214combined with multivariate statistical analysis. Differentiation of important
parameters: grape variety, geographical origin, year of vintage. J. Agric. Food
Chem. 61, 5610e5619.
Goodall, T., 2011. White cider and Street Drinkers. Recommendations to Reduce
Harm. Alcohol Concern, London, UK.
Lachenmeier, D.W., 2007. Rapid quality control of spirit drinks and beer using
multivariate data analysis of Fourier transform infrared spectra. Food Chem.
101, 825e832.
Lachenmeier, D.W., Godelmann, R., Witt, B., Riedel, K., Rehm, J., 2014. Can resver-
atrol in wine protect against the carcinogenicity of ethanol? A probabilistic
dose-response assessment. Int. J. Cancer 134, 144e153.
Lachenmeier, D.W., Kanteres, F., Rehm, J., 2009. Carcinogenicity of acetaldehyde in
alcoholic beverages: risk assessment outside ethanol metabolism. Addiction
104, 533e550.
Lachenmeier, D.W., Kanteres, F., Rehm, J., 2011a. Epidemiology-based risk assess-
ment using the benchmark dose/margin of exposure approach: the example of
ethanol and liver cirrhosis. Int. J. Epidemiol. 40, 210e218.
Lachenmeier, D.W., Przybylski, M.C., Rehm, J., 2012. Comparative risk assessment of
carcinogens in alcoholic beverages using the margin of exposure approach. Int.
J. Cancer 131, E995eE1003.
Lachenmeier, D.W., Rehm, J., 2013a. Is there a relationship between alcohol quality
and health? Alcohol Alcohol. 48, 127e129.
Lachenmeier, D.W., Rehm, J., 2013b. Unrecorded alcohol - no worries besides
ethanol: a population-based probabilistic risk assessment. In: Anderson, P.,
Braddick, F., Reynolds, J., Gual, A. (Eds.), Alcohol Policy in Europe: Evidence from
AMPHORA, second ed. Alcohol Measures for Public Health Research Alliance
(AMPHORA), Barcelona, Spain, pp. 118e130.
Lachenmeier, D.W., Rehm, J., 2015. Comparative risk assessment of alcohol, tobacco,
cannabis and other illicit drugs using the margin of exposure approach. Sci. Rep.
5, 8126.
Lachenmeier, D.W., Schoeberl, K., Kanteres, F., Kuballa, T., Sohnius, E.-M., Rehm, J.,
2011b. Is contaminated alcohol a health problem in the European Union? A
review of existing and methodological outline for future studies. Addiction 106
(Suppl. 1), 20e30.
Lachenmeier, D.W., Sohnius, E.-M., 2008. The role of acetaldehyde outside ethanol
metabolism in the carcinogenicity of alcoholic beverages: evidence from a large
chemical survey. Food Chem. Toxicol. 46, 2903e2911.
Lachenmeier, D.W., Haupt, S., Schulz, K., 2008. Deﬁning maximum levels of higher
alcohols in alcoholic beverages and surrogate alcohol products. Regul. Toxicol.
Pharmacol. 50, 313e321.
Lachenmeier, D.W., Wegert, K., Kuballa, T., Schneider, R., Ruge, W., Reusch, H.,
Alexy, U., Kersting, M., Winkler, G., 2013. Caffeine intake from beverages inGerman children, adolescents, and adults. J. Caffeine Res. 3, 47e53.
Lea, A., 2004. Cider-making: an overview. Food Sci. Technol. 18, 14e17.
Medeiros Vinci, R., Jacxsens, L., Van Loco, J., Lachat, C., de Schaetzen, T., Canfync, M.,
Van Overmeirec, I., Kolsteren, P., De Meulenaer, B., 2012. Assessment of human
exposure to benzene through foods from the Belgian market. Chemosphere 88,
1001e1007.
Monakhova, Y.B., Lachenmeier, D.W., 2012. The margin of exposure of 5-hydrox-
ymethylfurfural (HMF) in alcoholic beverages. Environ. Health Toxicol. 27,
e2012016.
NTP, 2004. NTP technical report on the toxicology and carcinogensis. Studies of
urethane, ethanol, and urethane/ethanol (urethane, CAS No. 51-79-6; ethanol,
CAS No. 64-17-5) in B6C3F1 mice (drinking water studies). Natl. Toxicol. Pro-
gram. Tech. Rep. Ser. 510, 1e346.
Rehm, J., Lachenmeier, D.W., Room, R., 2014. Why does society accept a higher risk
for alcohol than for other voluntary or involuntary risks? BMC Med. 12, 189.
Rehm, J., Allamani, A., Elekes, Z., Jakubczyk, A., Landsmane, I., Manthey, J., Moreno-
Espa~na, J., Pieper, L., Probst, C., Snikere, S., Struzzo, P., Della Vedova, R., Voller, F.,
Wittchen, H.-U., Gual, A., Wojnar, M., 2015a. General practitioners recognizing
alcohol dependence: a large cross-sectional study in six European countries.
Ann. Fam. Med. 13, 28e32.
Rehm, J., Allamani, A., Aubin, H.J., Elekes, Z., Frick, U., Jakubczyk, A., Kostogianni, N.,
Landsmane, I., Manthey, J., Miquel, L., Paille, F., Pieper, L., Probst, C., Scafuri, F.,
Shield, K.D., Snikere, S., Struzzo, P., Trapencieris, M., Della Vedova, R., Voller, F.,
Wittchen, H.U., Gual, A., Wojnar, M., 2015b. People with alcohol use disorders in
specialized care in eight different European countries. Alcohol Alcohol. 50,
310e318. http://dx.doi.org/10.1093/alcalc/agv009.
Soffritti, M., Belpoggi, F., Lambertin, L., Lauriola, M., Padovani, M., Maltoni, C., 2002.
Results of long-term experimental studies on the carcinogenicity of formalde-
hyde and acetaldehyde in rats. Ann. N. Y. Acad. Sci. 982, 87e105.
Tuyns, A.J., Pequignot, G., Abbatucci, J.S., 1979. Oesophageal cancer and alcohol
consumption; importance of type of beverage. Int. J. Cancer 23, 443e447.
US EPA, 1995. The Use of the Benchmark Dose Approach in Health Risk Assessment.
EPA/630/R-94/007. Ofﬁce of Research and Development, US Environmental
Protection Agency, Washington, DC.
US EPA, 2001. General Principles for Performing Aggregate Exposure and Risk As-
sessments. US Environmental Protection Agency, Ofﬁce of Pesticide Programs,
Washington, DC.
Wilkinson, C.F., Christoph, G.R., Julien, E., Kelley, J.M., Kronenberg, J., McCarthy, J.,
Reiss, R., 2000. Assessing the risks of exposures to multiple chemicals with a
common mechanism of toxicity: how to cumulate? Regul. Toxicol. Pharmacol.
31, 30e43.
1 
 
Supplementary Table S1. Distribution functions and inputs for probabilistic analysis 
Input 
Value or distribution risk function for the software package @Risk for 
Excel Version 5.5.0 (Palisade, Corporation, Ithaca, NY, USA) 
a
 
Origin of data 
Alcohol intake (exclusive 
cider consumers) [g/day] 
RiskGamma(3.3457;82.748;RiskTruncate(0;)) 
This study, best-fit distribution selected with @Risk Software 
Alcohol intake (exclusive 
vodka consumers) [g/day] 
RiskGamma(3.4173;71.926;RiskShift(-2.4269);RiskTruncate(0;)) 
This study, best-fit distribution selected with @Risk Software 
Acetaldehyde content in cider 
[g/hl pa] 
RiskNormal(19.1556;6.9318;RiskTruncate(0;)) 
This study, best-fit distribution selected with @Risk Software 
Acetaldehyde content in 
vodka [g/hl pa] 
RiskExpon(0.10258) 
This study, best-fit distribution selected with @Risk Software 
Bodyweight males [kg] 
RiskNormal(82;13.1) 
Bodyweight statistics for adults (18-64) of the EFSA 
Comprehensive database (EFSA 2012) 
Bodyweight females [kg] 
RiskNormal(67.2;12.8) 
Bodyweight statistics for adults (18-64) of the EFSA 
Comprehensive database (EFSA 2012) 
BMDL_Acetaldehyde [mg/kg 
bw/day] 
56  
(Lachenmeier et al. 2009; Soffritti et al. 2002) 
BMDL_Ethanol [g/kg 
bw/day] 
0.7  
(Beland et al. 2005; Lachenmeier et al. 2011a; NTP 2004) 
a
 RiskGamma(alpha,beta) specifies a gamma distribution using the shape parameter alpha and the scale parameter beta. RiskShift(shift amount) 
shifts the domain of the distribution in which it is used by the entered shift amount. This function is automatically entered when a fit result includes 
a shift factor. RiskNormal(mean;standard deviation) specifies a normal distribution with the entered mean and standard deviation. 
RiskTruncate(minimum;maximum) truncates the input distribution. Truncating distribution restricts samples drawn from the distribution to values 
within the entered minimum-maximum range (in the current calculation this avoids negative values that are physically impossible). 
RiskExpon(beta) specifies an exponential distribution with the entered beta value. The mean of the distribution equals beta. 
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Supplementary Table S2. Detailed calculation methodology for probabilistic risk assessment of ethanol and acetaldehyde for consumers of 
cider and vodka 
Parameter Calculation formula for the software package @Risk for Excel Version 5.5.0 (Palisade, Corporation, Ithaca, NY, USA) 
a
 
Acetaldehyde intake 
(mg/kg bw/day) 
Risk function for alcohol intake (g/day) / 0.789 (g/ml) * Risk function for acetaldehyde content in cider or vodka (g/hl pa) / 100 / [ (Percentage 
males in collective/100 * Risk function for bodyweight males (kg) + Percentage females in collective/100 * Risk function for bodyweight 
females (kg) ] 
MOE_Acetaldehyde BMDL_Acetaldehyde (mg/kg bw/day) / Acetaldehyde intake (mg/kg bw/day) 
MOE_Ethanol BMDL_Ethanol (g/kg bw/day) / Risk function for alcohol intake (g/day) / [ (Percentage males in collective/100 * Risk function for bodyweight 
males (kg) + Percentage females in collective/100 * Risk function for bodyweight females (kg) ] 
MOET 1 / [ ( 1 / MOE_Acetaldehyde ) + ( 1 / MOE_Ethanol ) ] 
a
 The density of alcohol (0.789 g/ml) is used to correct from volume to mass in the formula for acetaldehyde intake 
